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Abstract
Malaria associated-acute kidney injury (AKI) is associated with 45% of mortality in adult patients hospitalized with severe
form of the disease. However, the causes that lead to a framework of malaria-associated AKI are still poorly characterized.
Some clinical studies speculate that oxidative stress products, a characteristic of Plasmodium infection, as well as
proinflammatory response induced by the parasite are involved in its pathophysiology. Therefore, we aimed to investigate
the development of malaria-associated AKI during infection by P. berghei ANKA, with special attention to the role played by
the inflammatory response and the involvement of oxidative stress. For that, we took advantage of an experimental model
of severe malaria that showed significant changes in the renal pathophysiology to investigate the role of malaria infection in
the renal microvascular permeability and tissue injury. Therefore, BALB/c mice were infected with P. berghei ANKA. To assess
renal function, creatinine, blood urea nitrogen, and ratio of proteinuria and creatininuria were evaluated. The products of
oxidative stress, as well as cytokine profile were quantified in plasma and renal tissue. The change of renal microvascular
permeability, tissue hypoxia and cellular apoptosis were also evaluated. Parasite infection resulted in renal dysfunction.
Furthermore, we observed increased expression of adhesion molecule, proinflammatory cytokines and products of
oxidative stress, associated with a decrease mRNA expression of HO-1 in kidney tissue of infected mice. The measurement of
lipoprotein oxidizability also showed a significant increase in plasma of infected animals. Together, our findings support the
idea that products of oxidative stress, as well as the immune response against the parasite are crucial to changes in kidney
architecture and microvascular endothelial permeability of BALB/c mice infected with P. berghei ANKA.
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Introduction
Every year, there are about 800 thousand people dying from
severe form of malaria (World Malaria Report). Malaria-
associated acute kidney injury (AKI), one of the three major life-
threatening well-know causes of death in P. falciparum [1,2] and P.
vivax severe malaria [3,4], occurs between 1–4% of hospitalized
adult [5] with a mortality that can reach up to 45% [1]. The
pathogenesis of malaria-associated AKI is multifactorial and not
well characterized, but several hypotheses suggest involvement of
cytoadherence of iRBC, proinflammatory response as well as
nephrotoxicity due to oxidative stress. It is well-establish that
pathogenesis of severe malaria is associated with an up regulation
of proinflammatory cytokines [6,7]. During intra-erythrocytic
phase, the consumption of hemoglobin by parasites gives rise of
considerable amounts of free heme (Fe+3), a molecule that have the
ability to induce oxidative stress [8]. The oxidative stress mediated
by free heme has been implicated in lipoprotein oxidation [9] and
serious damage in different organs such as the kidneys [10]
through generation of reactive oxygen intermediates, and nitrogen
intermediates (ROI and NO) by host cells. Moreover, ox-LDL
upregulates the expression of adhesion molecules, facilitating the
cytoadherence of infected erythrocytes [11]. The sequestration
and adhesion of infected red blood cells (iRBC) to endothelial cells
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compromises vascular permeability of vital organs [12]. The
changes in the endothelial permeability contribute to alterations of
microvascular pattern and proinflammatory cytokine release
[13,14]. According to this, the main focus of this study was to
evaluate how P. berghei ANKA infection affects or modifies
kidney pathophysiology leading to cell injury, as well as the
involvement of oxidative stress that occurs during plasmodium
infection, determine the influence of renal endothelial modifica-
tions to development of malaria-associated AKI and also
characterize how HO-1 may participate in both protection and
pathogenesis of clinical outcome.
Materials and Methods
Mice
BALB/c mice were bred and housed in specific pathogen-free
facilities of the Instituto de Cieˆncias Biome´dica IV (USP) and
CEDEME (UNIFESP – Escola Paulista de Medicina, EPM). The
Animal Care Committee of the UNIFESP approved all protocols.
Parasites, infection and disease assessment
BALB/c mice were infected by intraperitoneal (i.p.) inoculation
of 105 red blood cells infected with green fluorescent protein
(GFP)-transgenic P. berghei ANKA, clone 259Cl2 [15,16]. Daily
parasitemia were determined by flow cytometry from day 3 after
inoculation. Blood, urine and kidney samples were collected at
different days after infection. Uninfected mice were used as control
group.
Renal vascular permeability
The renal microvascular modification was assessed by extra-
vasations of Evans blue dye from the kidneys parenchyma as
previously described [17]. Evans blue dye concentration was
measured through absorbance at 620 nm. Data was presented as
microgram of Evans blue dye per gram of tissue.
Assessment of renal function
Blood urea nitrogen (BUN) was measured using a Labtest Kit
(Labtest, Minas Gerais, Brazil) and serum creatinine was
measured by Jaffe´’s modified method. Urinary protein/creatinine
ratios were analyzed by using a Labtest kit (Labtest, Minas
Gerais, Brazil).
Total heme determination
Total heme determination in plasma was quantified using
a colorimetric assay according to the manufacturer’s instructions
(QuantiChrom heme assay kit, Bioassay Systems) as previously
described [18].
Figure 1. Impairment of renal function during P. berghei ANKA malaria infection. (A) Parasitemia, and (B) survival of BALB/c mice infected
with 106 parasitized erythrocytes by P. berghei ANKA. Renal function was assessed by (C) plasma creatinine, (D) blood urea nitrogen (BUN) and (E)
quantification of erythrocyte protoporphyrin estimated on different days after infection. Results represent the mean of 5–10 animals per group 6
standard deviation. One-way ANOVA with Bonferroni post-test was performed to renal assessment using GraphPad Prism. * P,0.05 vs the control
group – day 0, ** p,0.01 vs the control group – 0 days.
doi:10.1371/journal.pone.0044004.g001
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Porphyrin extraction
The assessment of erythrocytes Protoporphyrin IX (PpIX)
fluorescence was evaluated as previously described [19]. To
spectrofluorometric determination of PpIX in samples, a standard
curve of commercial metal-free PpIX (Sigma Chemical Company,
St. Louis, Mo., USA) 0.01 mg/mL to 2 mg/mL was constructed.
The samples and standard curve was exciting in 405 nm and the
absorbance was measured between 610 nm and 730 nm by
Synergy Mx (BioTek Instruments, Inc). A standard curve of PpIX
was used to convert absorbance into concentrations of PpIX. Data
was presented as microgram of mg/ml.
Determination of indirect bilirubin
Indirect bilirubin was measured in plasma sample using
a commercial kit (Labtest, Lagoa Santa, MG, Brazil) following
the manufacturer’s protocol. Samples were read at 540 nm, and
the results were expressed as mg of indirect bilirubin per dl.
Bioplex
Kidney tissues were lysed in RIPA buffer with protease
inhibitor. A BioPlex mice Plex cytokine assay kit (BioRad
Laboratories, Inc., Hercules, CA, USA) was used to test samples
for the presence of 15 molecules. The assay was read on the
BioPlex suspension array system, and the data were analyzed using
BioPlex Manager software version 4.0. Standard curves ranged
from 32,000 to 1.95 pg/mL.
Measurement of TGF-b
Total TGF-b was measured in the plasma using ELISA assay,
according to the manufacturer’s instructions (TGFb1 EmaxH,
Promega, Madison, USA) previously used [20]. Results are
expressed as pg/mg of TGF-b protein.
Detection of hypoxia tissue
Pimonidazole (Chemicon International, Inc., CA, USA) was
injected (i.p.) 1h at a dose of 60mg/kg body weight before
euthanasia and hypoxic regions of the renal tissue was detected
by the Hypoxyprobe-1 Pab2627 (1:500) primary antibody as
described previously [21]. Immunohistochemistry with cleaved
caspase-3 antibody (diluted 1:1000 (Asp175), Cell Signaling
Technology, Beverly, MA, USA) was also performed as pre-
viously described [17]. The presence of pimonidazole-HCL in
renal tissue was calculated as a percentage in the cortex and
medulla using a computer program for image analysis (KS300,
Zeiss system). The average area of each sample was calculated in
each kidney.
RNA extraction and Real Time PCR quantification to gene
expression
Total RNA was isolated from kidney tissue using TRIzol
reagent (Invitrogen, USA). First-strand complementary DNAs
(cDNAs) were synthesized using a MML-V reverse transcriptase
kit (Promega, USA). Real Time PCR (qPCR) was performed using
the TaqMan real-time PCR assay (Applied Biosystem, USA).
mRNA expression was normalized to HPRT and the values are
Figure 2. Effect of P. berghei ANKA malaria infection in renal pro-inflammatory response. mRNA expression of (A) IFN-c, (B) ICAM-1 and
(C) iNOS in renal tissue of BALB/c mice infected with 106 parasitized erythrocytes by P. berghei ANKA. Renal tissue protein expression of (D) TNF-a, (E)
IL-1b and (F) IL-6. (G) Representative image and graphic quantification of bands expressed of an IKK western blot. The graphs of A to F represent the
average of 3–5 animals per group 6 standard deviation. One-way ANOVA with Bonferroni post-test was performed to mRNA expression and
quantification of IKK using GraphPad Prism. Unpaired Student-t test was performed to renal tissue protein expression using GraphPad Prism. *
P,0.05 vs the control group – day 0, ** p,0.01 vs the control group – 0 days.
doi:10.1371/journal.pone.0044004.g002
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expressed relative to a reference sample (the calibrator). The Ct
(threshold cycle) for the target gene and for the internal control
was determined for each sample. A triplicate of each sample was
done. The relative expression of mRNA expression was calculated
by 2-DDCT. All the experimental samples were expressed as n-fold
difference relative to the calibrator.
Measurement of lipoprotein oxidizability
Oxidized low-density lipoprotein (ox-LDL) in plasma was
measured by ELISA kit (ox-LDL b2GP, Cayman, USA) following
the manufacturer’s protocol. Results were calculated against
a standard curve and expressed in serum ox-LDL (mg). The rate
of formation of conjugated dienes was measured at plasma as
previously described [22]. Briefly, whole plasma was diluted 150-
fold and the absorption of conjugated dienes performed by
spectrophotometer in a quartz plate at 37uC and measured at
234 nm.
Kidney histology analysis
To observe changes in the pathophysiology of the kidney
associated with severe malaria, kidney was fixed in 10% formalin
for further processing. Paraffin-embedded kidney sections was
stained with hematoxylin-eosin (HE) and examined in light
microscopy (Leica DM LB2, Leica Microsystems). Renal mor-
phometric analysis was performed in a blinded manner by a single
observer. The presence of acute tubular necrosis (ATN) was
estimated in 4-lm-thick hematoxylin and eosin-stained sections. All
microscopic fields of each slide were examined at final magnifi-
cation of 250x. Tubular injury was evaluated using a semi
quantitative scale, on which the percentage of cortical and outer
medulla tubules showing epithelial necrosis was assigned a score as
follows: 0 for 10%, 1 for 10–25%, 2 for 26–75%, and 3 for 75%.
The mean of all area analyzed was plotted and compared between
groups.
Malaria pigment detection in kidney sections
The presence of hemozoin was assessed at structures such as
the glomeruli, subcapsular cortex and large vessels observed
under polarized light. Photos of at least 5 different fields in each
slide were taken and the pictures digitalized at HP Scanjet 2400.
Synchronization and enrichment of parasitized
erythrocytes
Red blood cells were collected from infected animals with 30%
parasitemia by cardiac puncture and placed in culture medium
RPMI 1640 (Gibco) supplemented with 5% of fetal bovine serum
Figure 3. Assessment of products of oxidative stress during malaria-associated AKI. (A) Plasmatic quantification of toxic heme (B),
detection of conjugated dienes by Cooper and (C) quantification of plasma levels of oxidized low density lipoprotein in BALB/c mice infected with 106
parasitized erythrocytes by P. berghei ANKA. (D) mRNA expression of LOX-1 in renal tissue during infection in BALB/c mice. The results represent the
average of 5–10 animals per group 6 standard deviation. One-way ANOVA with Bonferroni post-test was performed using GraphPad Prism. * P,0.05
vs the control group – day 0, ** p,0.01 vs the control group – 0 days, *** p ,0.001 vs the control group – 0 days.
doi:10.1371/journal.pone.0044004.g003
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(FBS). To obtain mature forms (trophozoites/schizonts), P. berghei
ANKAGFP infected red blood cells (iRBC) were synchronized as
describe previously [23]. Briefly, the parasites were maintained in
vitro at 37uC for 18h in atmosphere containing 5% of CO2, 85%
of N2 and 10% of O2. The erythrocytes were then enriched by
magnetic separation column (MACS BEADS, Miltenyi Biotec,
USA), resulting in cell populations with approximately 95% of
iRBC.
Cytoadherence assays
To verify the capacity of erythrocytes infected with P. berghei
ANKAGFP to adhere to renal tissue, synchronized iRBC were
overlaid on frozen renal sections for 1h at 37oC. Fifty microliters of
synchronized iRBC suspension, at the concentration of 108/ml,
were overlaid on frozen renal sections for 60 minutes at 37uC in
a humid chamber. After washing the unbound cells, the slides were
mounted with Vectashield contained DAPI (Vector Lab. Bruglin-
game, CA, USA) and examined under fluorescence microscopy
(magnification 200X). The number of iRBC adhering to kidney
sections was determined in a blind fashion, counting 10 fields in
each section. As negative control, synchronized iRBC were pre-
treated with 40 mg/ml Proteinase K (Sigma) for 30 minutes at
37oC. After washing, iRBC were overlaid on renal sections as
described above.
Assessment of apoptosis
To detect apoptotic cells, the In situ Cell Death Detection Kit
TMR red (Roche Diagnostics GmbH, Mannheim, Germany) was
used (TUNEL technology).
Western blotting analysis
Primary mouse IKKa antibody (SC-166231, Santa Cruz
Biotechnology, Inc) was used following manufacturer-recom-
mended dilutions, followed by a peroxidase-conjugated anti-mouse
IgG antibody (Jackson ImmunoResearch Laboratories, West-
Grove, USA). Mouse primary anti–b-tubulin or anti-b-actin
antibody (Sigma, St. Louis, USA) was also used to confirm and
estimate the loading and the transfer. We used the software
GeneSnap (Syngene, USA) and Gene Tools (Syngene, USA) to
analyze the bands.
Statistical analysis
The data are presented in graphs showing average and standard
deviation (SD). Unpaired Student-t test and ANOVA with on
ranks tests were used to compare the data. The PCR results are
presented as a ratio of the calibrator gene HPRT and presented in
arbitrary units (AU). Differences were considered statistically
significant with p less than 0.05. All statistical analyses were
performed with the aid of GraphPad PRISMH.
Results
Malaria–associated acute kidney injury development
during P. berghei ANKA infection
At day 14 after infection, parasitemia reached 65%, (Figure 1A),
and none of P. berghei-infected mice became moribund, suggesting
that they are resistant to development of cerebral malaria
(Figure 1B). Next, we observed that serum creatinine and blood
urea nitrogen (BUN) levels were markedly increased in infected
BALB/c mice (Figure 1C and D). Additionally, we observed
a decrease of total erythrocyte PpIX concentration in infected
mice (Fig. 1E).
P.berghei ANKA infection increase the proinflammatory
profile during renal injury
The P. berghei ANKA infection significantly increases gene
expression of IFN-c on days 5 and 7 after infection (Fig. 2A).
Analysis of mRNA expression of ICAM-1 showed a progressive
increase in the response to the presence of the parasite, which
reached significant values on 6 and 7 after infection (Fig. 2B).
The mRNA expression of iNOS was also increased from day 3
after infection, although these differences were not statistically
significant (Fig. 2C). These data are in agreement of increase of
protein expression of IL-1b, IL-6 and TNF-a detected in renal
tissue, induced by P. berghei ANKA (Fig. 2D–F). Corroborating
those data, we observed that NF-kB pathway was activated in
renal tissue from day 3 after infection by P. berghei ANKA
(Fig. 2G).
Pro-oxidant activity of oxidative stress during P. berghei
ANKA malaria infection
The participation of the products generated by oxidative stress
in the development of malaria-associated AKI was assessed by
analysis of presence of heme and lipoprotein oxidation. We
observed that plasma levels of toxic heme in BALB/c mice were
significantly higher at days 7 and 12 after infection (Figure 3A).
The conjugated dienes formation (Figure 3B) and plasma levels
of oxidized LDL (Figure 3C) were significant up regulated during
Figure 4. P. berghei ANKA malaria infection induces endothe-
lium injury and changes in renal architecture. (A) Renal
microvascular permeability change assessed by Evans blue dye and
(B) representative pathophysiology of renal tissue stained with
hematoxylin-eosin (HE) and examined in light microscopy (Leica DM
LB2, Leica Microsystems). Each graph represents the mean of 5–10
animals per group 6 standard deviation. One-way ANOVA with
Bonferroni post-test was performed using GraphPad Prism. * P,0.05
vs. the control group – day 0, ** p,0.01 vs. the control group – day 0,
*** p,0.001 vs. the control group – day 0.
doi:10.1371/journal.pone.0044004.g004
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infection by P. berghei ANKA. In addition, we observed that P.
berghei ANKA modulates a late expression of lectin-like oxidized
LDL receptor-1 (LOX-1) mRNA expression in kidney tissue of
BALB/c mice from day 5 after infection (Figure 3D).
P. berghei ANKA infection compromise Renal Endothelial
Permeability
Next, we investigated the changes in renal vascular endotheli-
um, assessed by Evans Blue albumin dye protein leak [24]. We
observed that infection with P. berghei ANKA induced a progressive
increase of renal vascular permeability, as compared to non-
infected controls (Figure 4A). Indeed, the histological examination
of kidney sections showed that infection with P. berghei ANKA led
to changes in renal architecture that ranges from a mild mono-
nuclear cell infiltration at day 7 after infection to outstanding
proinflammatory hypercellularity at day 15 after infection
(Figure 4B). The morphological analysis of kidney sections showed
changes that characterize acute tubule-interstitial nephritis (TIN).
The bioplex analysis revealed a downregulation of vascular
endothelial growth factor VEGF (Figure 5A) and an increase of
KC, MCP-1 and MIP-1a point to neutrophils, macrophages and
polymorphonuclear leukocytes as the most abundant leukocyte
infiltration during malaria infection (Figure 5B, C and D).
Sequestration and adhesion of infected red blood cells
into the kidney
When kidney section was exposed under polarized light [25], we
observed a marked deposition of malaria pigment hemozoin
dispersed mostly at glomeruli and vascular endothelium
(Figure 6A). Moreover, pigment was also observed at clusters of
inflammatory infiltration (data not show). The granules of the
pigment hemozoin were not observed at H&E standard micros-
copy (Figure 6A). The measurement of total brightly birefringent
granules of the pigment was detected from day 3 after infection,
the first time point assessed (Figure 6B). Quantitative approach by
real time RT-PCR showed an upregulation of mRNA of P. berghei
ANKA parasite at renal tissue from day 3 after infection confirmed
the presence of parasite at renal tissue (Fig 6C). Further, using a set
of ex vivo adherence assay, we verify that iRBC adhesion was
increased on renal tissue sections from infected mice (7th day pos
infection) when compared with sections from the control group
(Figure 7).
Renal hypoxia and apoptosis during infection by P.
berghei ANKA
In order to evaluate the extension of tissue damage during
infection, we quantified renal tissue hypoxia and cellular apoptosis
during malaria infection. Indeed, we observed a progressive
increase of tissular hypoxia in kidney of infected mice (Figure 8A
Figure 5. Monocytes, neutrophils and polymorphonuclear leukocytes are recruited to renal tissue in P. berghei ANKA malaria
infection. Renal tissue protein expression of (A) VEGF, (B) KC, (C) MCP-1 and (D) MIP-1a during P. berghei ANKA infection. Each graph represents the
mean of 5–10 animals per group6 standard deviation. Unpaired Student-t test was performed using GraphPad Prism. * P,0.05 vs. the control group
- day 0, ** p,0.01 vs. the control group - day 0, *** p,0.001 vs. the control group – day 0.
doi:10.1371/journal.pone.0044004.g005
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and B) and mRNA expression of HIF1-a (Figura 8C). Moreover,
apoptosis was detected in renal tissue of infected mice when
compare with non-infected control (Figure 8D).
Heme detoxification and production of cytoprotective
molecules during malaria-associated AKI
As oxidative stress mediated by toxic heme triggers an
upregulation of cytoprotective and anti-inflammatory molecules,
we determined the contribution of HO-1 as a mediator of the
protection against malaria-associated AKI through modulating of
anti-inflammatory response. We found a down-regulation of
mRNA expression of HO-1 in renal tissue (Fig. 9A), as well as
a decrease of plasma level of indirect bilirubin (Fig. 9B), a product
of catabolism of toxic heme, TGF-b (Fig. 9C) and IL-10 (Fig. 9D)
when compare with respective controls on day 0 after infection.
Discussion
In the current study, we provide evidence that describe changes
in the pathophysiology of kidney in an experimental model of
severe malaria resembling to malaria-associated AKI in P.
falciparum malaria. Impairment of renal function during malaria
infection has been notified by clinical reports [26,27] and it is an
important life-threatening complication of malaria infection that
goes beyond the classical clinical symptoms of plasmodium. The
adversities to access of medical services, or delay in diagnosis in
their place of origin, are implicated in the severity of disease [28].
The onset of kidney injury in BALB/c infected mice come out
from day 4 after infection and the incidence of renal failure was
confirm through manifestations such as increased of plasma
creatinine and blood urea nitrogen (BUN) levels, as well as
a decrease of total erythrocyte PpIX concentration in infected
mice. This data reinforces the idea that the decrease of
fluorescence emission of erythrocyte protoporphyrin IX, an
intermediate product in the biosynthesis of heme, may be set up
as a marker of several diseases as renal injury [19].
The pathophysiology of severe malaria are usually associated
with a polyclonal activation of the immune system and
comprehends a complex network with production of reactive
oxygen and nitrogen species, exacerbated production of proin-
flammatory cytokines such as IFN-c, TNF-a, IL-6, IL-1 and IL-8,
as well by nuclear translocation of NF-kB [29–31]. In agreement
with this notion, our study demonstrated that malaria infection
markedly increase IFN-c mRNA expression, as well protein
expression of IL-1b, IL-6 and TNF-a in renal tissue of P. berghei
ANKA infected mice, consistent with a previous study [6]. The up-
regulation of protein expression of IKK in renal tissue support the
idea that NF-kB pathway is required for this proinflammatory
profile, as well as iNOS gene expression during malaria infection
[32,33].
Malaria-associated AKI is proposed to be a consequence of
parasite adhesion as well as exacerbated immune response against
products of oxidative stress released during infection [1]. The
destruction of erythrocytes during blood stage of infection
Figure 6. Analysis of sequestration of infected red blood cell in renal tissue. (A) Representative figure of presence of malaria pigment
hemozoin in renal tissue sections visualized by hematoxylin and eosin, or under polarized light. Detection of hemozoin at glomeruli (i) and vascular
endothelium (ii). (B) Hemozoin quantification in histological section of renal tissue. (C) P. berghei ANKA mRNA quantified by qPCR in renal tissue of
BALB/c infected mice. Each graph represents the mean of 5–10 animals per group 6 standard deviation. One-way ANOVA with Bonferroni post-test
was performed using GraphPad Prism. *** p,0.001 vs. the control group – day 0, # p,0.01 vs. day 12.
doi:10.1371/journal.pone.0044004.g006
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accumulates high levels of toxic free heme in circulation that, in
turn, has the ability to induce oxidative stress from production of
hydroxyl radicals via the Fenton/Haber-Weiss reaction [34].
Moreover, heme-derived oxidative stress is considered to be a main
factor in the iron-induced lipid peroxidation resulting in the
formation of oxidized LDL (ox-LDL) [8]. The results presented
here strongly suggest that plasma oxidizability in BALB/c infected
mice may results to free radicals generated from increased plasma
levels of heme. Therefore, our data might add new insights to
previous findings demonstrating the lipid peroxidation mediated
by heme-induced oxidative stress during infection by P. berghei
ANKA. Plasma oxidation assay measured by dienes absorption at
234 nm provide results as observed at ox-LDL plasma levels and it
is a well-known index to determine oxidizability of plasma
lipoproteins [22]. In addition, the mRNA expression of lectin-
like oxidized LDL receptor (LOX-1) was also marked increased in
renal tissue of infected mice. LOX-1 could be rapidly expressed in
endothelial cells, macrophages, vascular smooth muscle cells and
glomerular mesangial cells induced by products of oxidative stress,
as well as pro-inflammatory cytokines [35–37]. The overproduc-
tion of ox-LDL triggers adverse effect in the progression of
vascular lesions, generation of reactive oxygen species during
infection and glomerulosclerosis [38]. The maintenance of pro-
inflammatory state by ox-LDL plays an important role to
modulate the up-regulation of ICAM-1, that induces adverse
outcomes on renal microvascular permeability through leukocyte
adherence, sequestration and adhesion of infected red blood cells
(iRBC) to renal endothelial cells [24,39,40]. Addionally, ox-LDL
also increases iNOS expression in renal tissue, during an intestinal
ischemia/reperfusion injury [41]. iRBC sequestration at the
microvascular site is an important feature of severe malaria. It
has been shown that P. falciparum iRBC cytoadherence occurs via
interactions of parasite surface antigen to endothelial receptor
including ICAM-1 and CD36 [42,43]. In this work we found an
Figure 7. Ex vivo adherence of P. berghei ANKAGFP iRBC to renal tissue. (A) Representative microscopic image of the ex vivo adherence assays
showing iRBC adhering to renal tissue sections from control (right) and infected (left) mice (200X magnification). (B) Adhesion of iRBC treated or not
with proteinase K prior incubation with the frozen kidney sections. All data represent the number of bound iRBC per area. (mean6s.e.m). Two-way
ANOVA with Bonferroni post-test was performed using GraphPad Prism. *P,0.05; **P,0.01. (n.d.: not-detected).
doi:10.1371/journal.pone.0044004.g007
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increase of ICAM-1 expression on renal tissue from P. berghei
infected mice at day 7 post infection. Interestingly, ex vivo adhesion
assays using sections from renal tissue from infected mice at this
time-point show increased iRBC adhesion. Taken together, these
results suggest that P. berghei interaction with the renal tissue can
occur via ICAM-1. Therefore, we assume that exposition of
endothelial cells to products of oxidative stress and parasite load
plays a crucial role to endothelial activation and microvascular
dysfunction in infected kidneys, concomitant with a markedly up-
regulation of ICAM-1 in renal tissue. The cytoadherence of
infected erythrocytes as well recruitment of monocytes, neutrophils
and polymorphonuclear leukocytes, during pathogenesis of
malaria-associated AKI could potentially contribute to renal
hypoxia. In addition, an up-regulation of hypoxia inducible
factor-1a (HIF-1a) mRNA and decrease of angiogenic factors
protein expression (VEGF) in renal tissue can further induce
morphological modifications. Changes in vascular permeability
observed were quite expected, since microvascular dysfunction has
been described before in the pathogenesis of ischemic-induced
AKI. Recruitment of inflammatory cells during pathogenesis of
malaria-associated AKI is in line with previous observations about
involvement of infiltrating cells to increase vascular permeability
[24]. This proinflammatory state also contributes to increase the
occurrence of apoptotic events [44].
Usually, the exposition of host endothelial cells to free heme
triggers an up-regulation of HO-1, an inducible enzyme that
catalyzes the degradation of toxic heme [45]. In response to
oxidative stress, HO-1 limits inflammation-associated tissue
damage through the generation of product of catabolism of toxic
heme as molecules of CO, bilirubin and ferritin[8]. Previous
reports from our group have demonstrated a cytoprotective role of
HO-1 in models of renal injury and ischemia and reperfusion
events [20,46,47]. Moreover, HO-1 also prevents the development
of experimental cerebral malaria (ECM), modulates the pro-
inflammatory response during liver stage of P. berghei ANKA
infection, as well as prevents hepatic injury in a noncerebral severe
malaria infection [48–50]. Despite of above observations, we have
found an impairment of mRNA expression of HO-1 in renal
tissue, even as a decreased plasma level of indirect bilirubin. Anti-
inflammatory and cytoprotective molecules were also down-
regulated.
Taken together, our data suggest that both, proinflammatory
molecules and products of oxidative stress have a central role to
development of the pathogenesis of malaria-associated AKI. Our
results also suggest that the loss of integrity of the renal vascular
endothelium during infection are multifactorial in origin and may
be related to increased toxic heme levels, reactive oxygen and
nitrogen species, as well high levels of proinflammatory molecules.
Modifications in the permeability of renal vascular endothelium,
the final event of the combination of oxidative insult generated
during infection, decreased O2 delivery to cells and tissues and
contributed to increase hypoxic microenvironments. Moreover,
the extent of ROS-induced oxidative damage can be exacerbated
by decreased efficiency of antioxidant and cytoprotetive defense
mechanisms.
Figure 8. Evaluation of hypoxia, HIF-1a in renal tissue and apoptosis during malaria-associated AKI. (A) Representative
immunohistochemistry, and (B) quantification of renal hypoxia in control and P. berghei ANKA infected mice. (C) mRNA expression of HIF-1a in
renal tissue. (D) Evaluation of apoptosis in kidney section of control and P. berghei ANKA infected mice. Each graph represents the mean of 5–10
animals per group6 standard deviation. One-way ANOVA with Bonferroni post-test was performed using GraphPad Prism. * P,0.05 vs control group
– day 0, ** p,0.01 vs control group – day 0.
doi:10.1371/journal.pone.0044004.g008
Oxidative Stress and Malaria Associated – AKI
PLOS ONE | www.plosone.org 9 August 2012 | Volume 7 | Issue 8 | e44004
Acknowledgments
The authors are also thankful to Claudia Silva Cunha and Bernardo Paulo
Albe for their technical support.
Author Contributions
Conceived and designed the experiments: RME NOSC. Performed the
experiments: RME MCC CRB RCS CYH AC TTB RB. Analyzed the
data: RME GMG MAR NOSC. Contributed reagents/materials/analysis
tools: FJR ACK MAC MIH MRDL AMFN CRFM APS NOSC. Wrote
the paper: RME NOSC.
References
1. Mishra SK, Das BS (2008) Malaria and acute kidney injury. Semin Nephrol 28:
395–408.
2. Eiam-Ong S, Sitprija V (1998) Falciparum malaria and the kidney: a model of
inflammation. Am J Kidney Dis 32: 361–375.
3. Kaur D, Wasir V, Gulati S, Bagga A (2007) Unusual presentation of
Plasmodium vivax malaria with severe thrombocytopenia and acute renal
failure. J Trop Pediatr 53: 210–212.
4. Siqueira AM, Alexandre MA, Mourao MP, Santos VS, Nagahashi-Marie SK,
et al. Severe rhabdomyolysis caused by Plasmodium vivax malaria in the
Brazilian Amazon. Am J Trop Med Hyg 83: 271–273.
5. Eiam-Ong S (2003) Malarial nephropathy. Semin Nephrol 23: 21–33.
6. Sinniah R, Rui-Mei L, Kara A (1999) Up-regulation of cytokines in
glomerulonephritis associated with murine malaria infection. Int J Exp Pathol
80: 87–95.
7. Barsoum RS (2000) Malarial acute renal failure. J Am Soc Nephrol 11: 2147–
2154.
8. Kumar S, Bandyopadhyay U (2005) Free heme toxicity and its detoxification
systems in human. Toxicol Lett 157: 175–188.
9. Vincent SH (1989) Oxidative effects of heme and porphyrins on proteins and
lipids. Semin Hematol 26: 105–113.
10. Jeney V, Balla J, Yachie A, Varga Z, Vercellotti GM, et al. (2002) Pro-oxidant
and cytotoxic effects of circulating heme. Blood 100: 879–887.
11. Sibmooh N, Yamanont P, Krudsood S, Leowattana W, Brittenham G, et al.
(2004) Increased fluidity and oxidation of malarial lipoproteins: relation with
severity and induction of endothelial expression of adhesion molecules. Lipids
Health Dis 3: 15.
12. Pongponratn E, Riganti M, Punpoowong B, Aikawa M (1991) Microvascular
sequestration of parasitized erythrocytes in human falciparum malaria:
a pathological study. Am J Trop Med Hyg 44: 168–175.
13. Weiser S, Miu J, Ball HJ, Hunt NH (2007) Interferon-gamma synergises with
tumour necrosis factor and lymphotoxin-alpha to enhance the mRNA and
protein expression of adhesion molecules in mouse brain endothelial cells.
Cytokine 37: 84–91.
14. Rabb H, O’Meara YM, Maderna P, Coleman P, Brady HR (1997) Leukocytes,
cell adhesion molecules and ischemic acute renal failure. Kidney Int 51: 1463–
1468.
Figure 9. Lack of cytoprotective defense mechanisms during P. berghei ANKAmalaria infection. (A) mRNA expression of HO-1, (B) plasma
level of indirect billirubin and (C) TGF-b and (D) renal tissue protein expression of IL-10 from BALB/c mice infected with 106 parasitized erythrocytes
by P. berghei ANKA. The graphs represent the average of 3–5 animals per group6 standard deviation. One-way ANOVA with Bonferroni post-test was
performed to mRNA expression of HO-1 and plasma level of indirect billirubin using GraphPad Prism. Unpaired Student-t test was performed to renal
tissue protein expression using GraphPad Prism. * P,0.05 vs the control group – day 0.
doi:10.1371/journal.pone.0044004.g009
Oxidative Stress and Malaria Associated – AKI
PLOS ONE | www.plosone.org 10 August 2012 | Volume 7 | Issue 8 | e44004
15. Franke-Fayard B, Janse CJ, Cunha-Rodrigues M, Ramesar J, Buscher P, et al.
(2005) Murine malaria parasite sequestration: CD36 is the major receptor, but
cerebral pathology is unlinked to sequestration. Proc Natl Acad Sci U S A 102:
11468–11473.
16. Franke-Fayard B, Trueman H, Ramesar J, Mendoza J, van der Keur M, et al.
(2004) A Plasmodium berghei reference line that constitutively expresses GFP at
a high level throughout the complete life cycle. Mol Biochem Parasitol 137: 23–
33.
17. Dear JW, Yasuda H, Hu X, Hieny S, Yuen PS, et al. (2006) Sepsis-induced
organ failure is mediated by different pathways in the kidney and liver: acute
renal failure is dependent on MyD88 but not renal cell apoptosis. Kidney Int 69:
832–836.
18. Andrade BB, Araujo-Santos T, Luz NF, Khouri R, Bozza MT, et al. Heme
impairs prostaglandin E2 and TGF-beta production by human mononuclear
cells via Cu/Zn superoxide dismutase: insight into the pathogenesis of severe
malaria. J Immunol 185: 1196–1204.
19. Tristao VR, de Carvalho FF, Gomes CZ, Miranda AR, Vequi-Suplicy CC,
et al. Study of blood porphyrin spectral profile for diagnosis of chronic renal
failure. J Fluoresc 20: 665–669.
20. Correa-Costa M, Semedo P, Monteiro AP, Silva RC, Pereira RL, et al.
Induction of heme oxygenase-1 can halt and even reverse renal tubule-interstitial
fibrosis. PLoS One 5: e14298.
21. Yasuda H, Yuen PS, Hu X, Zhou H, Star RA (2006) Simvastatin improves
sepsis-induced mortality and acute kidney injury via renal vascular effects.
Kidney Int 69: 1535–1542.
22. Kontush A, Spranger T, Reich A, Djahansouzi S, Karten B, et al. (1997) Whole
plasma oxidation assay as a measure of lipoprotein oxidizability. Biofactors 6:
99–109.
23. Janse CJ, Franke-Fayard B, Mair GR, Ramesar J, Thiel C, et al. (2006) High
efficiency transfection of Plasmodium berghei facilitates novel selection
procedures. Mol Biochem Parasitol 145: 60–70.
24. Liu M, Chien CC, Grigoryev DN, Gandolfo MT, Colvin RB, et al. (2009) Effect
of T cells on vascular permeability in early ischemic acute kidney injury in mice.
Microvasc Res 77: 340–347.
25. Lawrence C, Olson JA (1986) Birefringent hemozoin identifies malaria. Am J Clin
Pathol 86: 360–363.
26. Al Rohani M, Aljawshaei H, Aduolimi E Acute renal failure in Yemeni patients.
Saudi J Kidney Dis Transpl 22: 829–833.
27. William T, Menon J, Rajahram G, Chan L, Ma G, et al. Severe Plasmodium
knowlesi malaria in a tertiary care hospital, Sabah, Malaysia. Emerg Infect Dis
17: 1248–1255.
28. Kanodia KV, Shah PR, Vanikar AV, Kasat P, Gumber M, et al. Malaria
induced acute renal failure: a single center experience. Saudi J Kidney Dis
Transpl 21: 1088–1091.
29. Day NP, Hien TT, Schollaardt T, Loc PP, Chuong LV, et al. (1999) The
prognostic and pathophysiologic role of pro- and antiinflammatory cytokines in
severe malaria. J Infect Dis 180: 1288–1297.
30. Mshana RN, Boulandi J, Mshana NM, Mayombo J, Mendome G (1991)
Cytokines in the pathogenesis of malaria: levels of IL-I beta, IL-4, IL-6, TNF-
alpha and IFN-gamma in plasma of healthy individuals and malaria patients in
a holoendemic area. J Clin Lab Immunol 34: 131–139.
31. Tripathi AK, Sha W, Shulaev V, Stins MF, Sullivan DJ Jr. (2009) Plasmodium
falciparum-infected erythrocytes induce NF-kappaB regulated inflammatory
pathways in human cerebral endothelium. Blood 114: 4243–4252.
32. Barnes PJ, Karin M (1997) Nuclear factor-kappaB: a pivotal transcription factor
in chronic inflammatory diseases. N Engl J Med 336: 1066–1071.
33. Jaramillo M, Gowda DC, Radzioch D, Olivier M (2003) Hemozoin increases
IFN-gamma-inducible macrophage nitric oxide generation through extracellular
signal-regulated kinase- and NF-kappa B-dependent pathways. J Immunol 171:
4243–4253.
34. Kruszewski M (2003) Labile iron pool: the main determinant of cellular response
to oxidative stress. Mutat Res 531: 81–92.
35. Xu Y, Ruan S, Xie H, Lin J Role of LOX-1 in Ang II-induced oxidative
functional damage in renal tubular epithelial cells. Int J Mol Med 26: 679–690.
36. Yoshida H, Kondratenko N, Green S, Steinberg D, Quehenberger O (1998)
Identification of the lectin-like receptor for oxidized low-density lipoprotein in
human macrophages and its potential role as a scavenger receptor. Biochem J 334
(Pt 1): 9–13.
37. Chen XP, Du GH (2007) Lectin-like oxidized low-density lipoprotein receptor-1:
protein, ligands, expression and pathophysiological significance. Chin
Med J (Engl) 120: 421–426.
38. Lee HS, Song CY (2009) Oxidized low-density lipoprotein and oxidative stress
in the development of glomerulosclerosis. Am J Nephrol 29: 62–70.
39. Heyman SN, Rosen S, Rosenberger C A role for oxidative stress. Contrib
Nephrol 174: 138–148.
40. Sutton TA, Fisher CJ, Molitoris BA (2002) Microvascular endothelial injury and
dysfunction during ischemic acute renal failure. Kidney Int 62: 1539–1549.
41. Yurdakan G, Tekin IO, Comert M, Acikgoz S, Sipahi EY The presence of
oxidized low-density lipoprotein and inducible nitric oxide synthase expression
in renal damage after intestinal ischemia reperfusion. Kaohsiung J Med Sci 28:
16–22.
42. Cojean S, Jafari-Guemouri S, Le Bras J, Durand R (2008) Cytoadherence
characteristics to endothelial receptors ICAM-1 and CD36 of Plasmodium
falciparum populations from severe and uncomplicated malaria cases. Parasite
15: 163–169.
43. Chakravorty SJ, Craig A (2005) The role of ICAM-1 in Plasmodium falciparum
cytoadherence. Eur J Cell Biol 84: 15–27.
44. Furuichi K, Kokubo S, Hara A, Imamura R, Wang Q, et al. Fas Ligand Has
a Greater Impact than TNF-alpha on Apoptosis and Inflammation in Ischemic
Acute Kidney Injury. Nephron Extra 2: 27–38.
45. Shibahara S (2003) The heme oxygenase dilemma in cellular homeostasis: new
insights for the feedback regulation of heme catabolism. Tohoku J Exp Med 200:
167–186.
46. Goncalves GM, Cenedeze MA, Feitoza CQ, Wang PM, Bertocchi AP, et al.
(2006) The role of heme oxygenase 1 in rapamycin-induced renal dysfunction
after ischemia and reperfusion injury. Kidney Int 70: 1742–1749.
47. Goncalves GM, Cenedeze MA, Feitoza CQ, de Paula CB, Macusso GD, et al.
(2006) Heme oxygenase 1 and renal ischemia and reperfusion injury: the impact
of immunosuppressive drug. Int Immunopharmacol 6: 1966–1972.
48. Pamplona A, Ferreira A, Balla J, Jeney V, Balla G, et al. (2007) Heme
oxygenase-1 and carbon monoxide suppress the pathogenesis of experimental
cerebral malaria. Nat Med 13: 703–710.
49. Epiphanio S, Mikolajczak SA, Goncalves LA, Pamplona A, Portugal S, et al.
(2008) Heme oxygenase-1 is an anti-inflammatory host factor that promotes
murine plasmodium liver infection. Cell Host Microbe 3: 331–338.
50. Seixas E, Gozzelino R, Chora A, Ferreira A, Silva G, et al. (2009) Heme
oxygenase-1 affords protection against noncerebral forms of severe malaria. Proc
Natl Acad Sci U S A 106: 15837–15842.
Oxidative Stress and Malaria Associated – AKI
PLOS ONE | www.plosone.org 11 August 2012 | Volume 7 | Issue 8 | e44004
